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Climate changeLong-term changes of the global climate systemhave been observed. However, the effect of long-term changes in
the climate system on avalanche hazard in mountainous areas remains inconclusive. For this study we analyzed
long-term weather, snow cover, and avalanche data from Glacier National Park. Weather and snow cover data
were measured at two sites (1315 m and 1905 m a.s.l.). The avalanche data were observed along the section of
the Trans Canada Highway within the park. Meteorological data were analyzed by winter season, i.e. early, mid
and late winter, represented by three-month periods between September and May. Increasing trends were found
for the mean seasonal air temperature at both stations during the mid season. Trends for the solid precipitation
rate were not signiﬁcant, indicating no trend towards more rain events. Decreasing trends of the maximum snow
depthwere only found for the lower elevation station at Rogers Pass for themid and late season, which is consistent
with decreasing trends for all seasons of the mean 24-hour new snow amounts at the lower elevation and for the
mid season at the higher elevation station at Mt. Fidelity. Due to uncertainty arising from changes in explosive
control, we draw no conclusions regarding the regional change of avalanche activity. However, the weather and
snowpack trends observed in Glacier National Park are consistent with longer time series from mountains with
similar latitudes and elevations in France and Switzerland.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Trends in avalanche activity, if they exist, could be used in planning
for avalanche hazardmanagement for transportation corridors, pipe- or
powerlines, and ski areas, aswell as for commercial winter recreation in
the backcountry. Trends in avalanching, snow cover orweather could be
indicators of climate change. Several long-term studies of avalanche
activity have not found signiﬁcant trends (e.g. Fitzharris, 1987; Föhn,
1992; Laternser and Schneebeli, 2002; Schneebeli et al., 1997). However,
Germain et al. (2009) found an increase in avalanche activity in eastern
Canada during the last 30 years using tree-ring analysis. Based on 41
winters of records, Teich et al. (2012) found a signiﬁcant decrease in
potential avalanche days in forested areas of the Swiss Alps. For the
French Alps, Eckert et al. (2010a, 2010b, 2013) found an upslope retreat
of the run-out distance for avalanches with a 10-year return period, as
well as a decrease in the frequency of powder snow avalanches. In two
of six avalanche prone sections of highways in western Canada,eric and Cryospheric Sciences,
30; fax: +43 512 507 2924.
.
. This is an open access article underSinickas et al. (2015) found a decrease in the number of avalanches
reaching highways. They also found a weak increase in the number of
wet-snow avalanche deposits at highways with low elevation and low
latitudes. The studies by Eckert et al. (2010a, 2010b, 2013),
Castebrunet et al. (2012) and Sinickas et al. (2015) might indicate a
change of avalanche type, size or runout rather than a trend towards
more or less avalanches.
It is particularly difﬁcult to relate trends in avalanche activity to
climate change since many avalanche safety operations with good
records of avalanches use explosives to trigger avalanches, which are
subject to technological and human-induced changes. As examples, new
technologies for triggering avalanches, e.g. ﬁxed exploders, have been
developed and installed in some mountain passes in western Canada;
increases in exposure such as the number of vehicles on transportation
corridors may promote more frequent explosive triggering; decreasing
societal tolerance for risk at ski areas or on public roads as well as
decreasing tolerance for closures may also promote more explosive
triggering. Increases in explosive triggeringmay decrease the frequency
of large natural (spontaneous) avalanches (e.g. Sinickas et al., 2015).
Trends in snowpack properties such as depth and structure, as well
as snowfall trends may be more indicative of climate change. Martythe CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Table 1
Summary statistics (simple linear regression) for mean air temperature (Tamean), the solid
precipitation ratio (SPR), mean and maximum 24-hour new snow amounts (HN24mean
and HN24max) as well as the maximum snow depth (Hsmax). Statistics are given for each
winter season and study site location. Given are p-values, the coefﬁcient of determination
(R2) as well as the overall trend over the investigated time period (T.o.P.), i.e. 49 years.
Signiﬁcant trends (p b 0.05) are highlighted in bold.
Variable Season Rogers Pass
(1315 m a.s.l.)
Mt. Fidelity
(1905 m a.s.l.)
p-Value R2 T.o.P. p-Value R2 T.o.P.
Tamean (°C) Sep.–Nov. 0.51 0.01 −0.45 0.45 0.01 0.55
Dec.–Feb. 0.04 0.09 1.89 0.01 0.13 2.1
Mar.–May 0.38 0.01 −0.51 0.59 0.01 0.35
SPR (–) Sep.–Nov. 0.65 0 −0.020 0.16 0.05 −0.07
Dec.–Feb. 0.53 0.01 0.010 0.76 0.00 0
Mar.–May 0.08 0.06 −0.090 0.11 0.06 −0.08
HN24mean (cm) Sep.–Nov. b0.01 0.16 −1.43 0.22 0.03 −0.82
Dec.–Feb. b0.01 0.52 −4.53 b0.01 0.33 −3.7
Mar.–May b0.01 0.06 −3.53 0.09 0.06 −0.8
HN24max (cm) Sep.–Nov. 0.96 0 −0.21 0.96 0 0.32
Dec.–Feb. 0.03 0.09 −9.55 0.05 0.08 −9.36
Mar.–May 0.6 0 2.09 0.95 0 −0.24
HSmax (cm) Sep.–Nov. 0.6 0.01 −6.21 0.86 0 −4.14
Dec.–Feb. 0.02 0.12 −42 0.21 0.03 −35.83
Mar.–May 0.02 0.03 −40.36 0.26 0.03 −31.45
119S. Bellaire et al. / Cold Regions Science and Technology 121 (2016) 118–125and Blanchet (2011) applied extreme value statistics to long-term time
series of snow depth and snowfall for 25 Swiss stations between 200m
and 2500 m. They found decreasing trends of extreme snow depth for
all elevations and a decrease in extreme snowfall for the low and high
elevations. Snowfall trends for the mid-elevations were not signiﬁcant.
Weather patterns and climate have been related to avalanche activity.
In combination with regional topography, Birkeland et al. (2001) related
anomalous atmospheric troughs to heavy snowfall and increased regional
avalanche hazard. Castebrunet et al. (2012) analyzed an index of
observed, mostly natural, avalanches and an instability index from
a snow cover model from 1959 to 2009 in France. When smoothed,
the indices show a peak in activity during a cold snowy period
around 1980 and subsequently exhibit a gradual increase between
1975 and 2000 that correlated with warming, notably at 3000 m.
Oceanoscillationshavealsobeen related toavalancheactivity. Keylock
(2003) showed that an increase in the cumulative North Atlantic Oscilla-
tion correlated with an increased number of avalanche cycles in Iceland.
McClung (2013) showed that La Niña winters produced more snow,
more avalanches and a higher percentage of dry than wet-snow ava-
lanches in twomountain areas of British Columbia. Snowfall and accident
data from Chile suggest the opposite behavior—more avalanches in El
Niño winters. Thumlert et al. (2014) found larger and more frequent
dry-snow avalanches during the Paciﬁc Decadal Oscillation negative
phase and during La Niña winters. Conversely, wet-snow avalanches in-
creased during the Paciﬁc Decadal Oscillation positive phase and during
the El Niño winters. Since the present study will focus on linear trends
over the period from 1965 to 2014, our results should not be strongly in-
ﬂuenced by decadal and shorter oscillations.
For western Canada there are few studies of long-term trends of
weather or snowpack. For the Cariboo Mountains, roughly 250 km
northwest of Glacier National Park, Beedle et al. (2015) found that all
glaciers receded during the period 1952–2005 and that areal retreat
averaged−0.19 ± 0.05% per year. Over the 54 year period air temper-
ature at McBride (733 m) and Barkerville (1283 m) weather stations
increased by+0.38 °C during the ablation season and +0.87 °C during
the accumulation season, and average precipitation decreased, particu-
larly in the accumulation season by 32 mm (−3.2%). Using a gridded
data set of climate variables for the Cariboo Mountains, Sharma and
Déry (2015) found that the minimum and maximum air temperature
increased by 1.9 °C and 1.2 °C, respectively, from1950 to 2010. At eleva-
tions above 2000m, the annual minimum air temperature increased by
an average of 0.5 °C per decade. Although the total annual precipitation
did not show a signiﬁcant trend, year-to-year annual precipitation
varied by ±30% from its long-term mean.
In view of the limited studies of long term avalanche records
(Fitzharris, 1987; Sinickas et al., 2015) as well as of weather and snow-
pack variables from elevations relevant to avalanche forecasting in theFig. 1.Major avalanche areas (shadedgrey) inGlacierNational Park. Thenumber in each area
is the number of major paths that reach the highway (blue lines). In addition to the paths in
the shaded areas, avalanches in a smaller number of paths that infrequently affect the
highway or railway were recorded and used in the analysis. Weather stations at Mt Fidelity,
1905 m, and Rogers Pass, 1315 m, are marked by black squares. Base map from Roger Pass
Snow Avalanche Atlas, Glacier National Park, British Columbia, Canada (Schleiss, V.G., 1989).interior of British Columbia, we sought to identify long-term trends in
weather, snowpack and avalanches in Glacier National Park (GNP)
that are relevant to avalanche forecasting. Speciﬁcally, in the GNP records,
are there trends over 1965 to 2014 in the weather, snow cover data from
weather stations at 1315 m and 1905 m, or in the avalanche records?
Trends, especially if consistent with large-scale trends such as global
climate change, are likely to inﬂuence avalanche forecasting in the region
in the future.
2. Data and methods
In this section data sets of long-term meteorological and avalanche
observations from Glacier National Park, Canada as well as the corre-
sponding applied methods are introduced. The winter was partitioned
into an early winter season from September to November, a mid-winter
season from December to February, and ﬁnally the late winter season
fromMarch to May.
2.1. Study area
For this study we analyzed long-term meteorological, snow and
avalanche data from the Rogers Pass area (Fig. 1) located within Glacier
National Park, British Columbia, Canada. Rogers Pass, a mountain pass
with the highest point at 1330m, is used by the Canadian Paciﬁc Railway
and the Trans Canada highway (TCH) and is therefore themain transpor-
tation corridor inWestern Canada. Rogers Pass is located in a transitionalTable 2
Summary statistics (simple linear regression) for the change of frequency with time of
natural avalanches (Naturals) separated by avalanches where the moisture content of
the deposit was found as either dry or moist/wet. In addition given are the summary
statistics for natural avalanches that avalanched on path with start zones above tree line
(ATL) and below tree line (BTL). Statistics are given for eachwinter season. Same statistical
measures and highlighting as in Table 1.
Variable Season Dry Moist/wet
p-Value R2 T.o.P. p-Value R2 T.o.P.
Naturals Sep.–Nov. 0.89 0 1 0.34 0.02 −7
Dec.–Feb. 0.69 0 11 0.01 0.13 −72
Mar.–May 0.05 0.08 21 0.02 0.08 −59
ATL (N2000 m) BTL (b2000 m)
Start zone Sep.–Nov. 0.58 0.01 −6 0.4 0.02 −3
Dec.–Feb. 0.03 0.09 −58 0.02 0.1 −30
Mar.–May 0.06 0.08 −47 0.85 0.08 −2
Table 3
Correlation coefﬁcients (Kendall's tau) derived by simple correlation of avalanche counts
(dry or moist/wet) and mean air temperature (Ta), solid precipitation rate (SPR), mean
and maximum 24-hour new snow amounts as well as the maximum snow depth (HS).
Correlation was performed for each station and winter season. Moderate and strong
correlations, i.e. correlation coefﬁcients N 0.3 are highlighted in bold.
Rogers Pass (1315 m a.s.l.)
Variable Dry Moist/wet
Sep.–Nov. Dec.–Feb. Mar.–May Sep.–Nov. Dec.–Feb. Mar.–May
Tamean −0.06 0.08 0.07 −0.01 −0.16 0.05
SPR 0.06 −0.22 −0.05 0.13 0.02 0.11
HN24mean 0.42 0.13 0.12 0.47 0.17 0.44
HN24max 0.41 0.22 0.45 0.42 0.18 0.32
HSmax 0.56 0.31 0.16 0.52 0.05 0.33
Mt. Fidelity (1905 m a.s.l.)
Tamean −0.14 −0.07 −0.14 −0.12 0.22 −0.22
SPR 0.01 0.18 −0.01 0.02 −0.34 0.14
HN24mean 0.29 0.21 0.31 0.59 0.23 0.51
HN24max 0.33 0.18 0.40 0.40 0.22 0.37
HSmax 0.44 0.35 0.15 0.57 0.12 0.32
120 S. Bellaire et al. / Cold Regions Science and Technology 121 (2016) 118–125climate with a strong maritime inﬂuence (Haegeli and McClung, 2003).
Tree-line in this area is located around 2000 m. For this study we
therefore consider starting zones higher than this threshold as
above tree-line (ATL) and lower as below tree-line (BTL).
Skilled observers frequently patrol the TCH and observe avalanche
occurrences. Since the TCH is themain transportation corridor inwestern
Canada, avalanche control work is a necessity along the highway during
wintertime. The Avalanche Control Section at Glacier National Park has
routinely observed avalanches along the TCH since 1965; individual
avalanche paths have been partly controlled by explosives. Nevertheless,
numerous natural avalanches have been observed on the same path that
have been controlled in this area since 1965 roughly betweenMt. Fidelity
station and10kmeast of theRogers Pass station, a distance of about 30 km
from east to west. The starting zones of approximately 140 avalanche
paths range from about 800 m to 2800 m a.s.l. with vertical falls of up to
1800 m (Fig. 1). The majority of the starting zones are north- or south-
facing, i.e. both sides of the east–west oriented Trans Canada Highway.
2.2. Meteorological and snow cover data
We used snow as well as meteorological data from two study plots
located at Rogers Pass and Mt. Fidelity, respectively. The ﬁrst station,
named Rogers Pass, is located at 1315 m a.s.l. and the second station,
namedMt. Fidelity, is located at 1905ma.s.l.We analyzedmeteorological
data, i.e. air temperature and precipitation, from these two stations
between 1965 and 2014.Fig. 2.Mean seasonal air temperature measured at Rogers Pass (solid orange line) and Mt. Fide
March–May (right) per year. Color-coded trend lines for Rogers Pass (solid) and Mt. Fidelity (d
signiﬁcant trend (p b 0.05).Monthly mean air temperature at Rogers Pass and Mt. Fidelity was
calculated by averaging the daily observed minimum and maximum
air temperature. Precipitation was measured at both stations with a
precipitation gauge. At Mt. Fidelity precipitation measurements were
only available since 1969. For comparison, corresponding trends at
Rogers Pass were only calculated for the time period between 1969
and 2014.
In the event of precipitation falling as snow, the snow water
equivalent (SWE) was calculated based on measured snow density.
Density was measured using a sampling tube pushed vertically through
the new snow collected on a storm board. The samplewas thenweighed.
In absence of a measured snow density, we assumed 100 kg m−3. Using
snow density, the solid precipitation ratio, i.e. the fraction of the solid
precipitation in the total precipitation can be calculated. However, for
some years the solid precipitation ratio could not be calculated due to
missing monthly precipitation measurements. In addition, mixed precip-
itation, i.e. snow and rain, was not considered speciﬁcally and therefore
treated as snowfall.
Throughout the study period, the manual measurement of new
snow height (HN24) at the Rogers Pass study plot has not changed.
However, at Mt. Fidelity the daily new snow height was initially
measuredmanually, whereas in recent years, on dayswithout observers
on site HN24 is estimated frommanualmeasurements on adjacent days
with guidance from hourly measurements from a precipitation gauge
and ultrasonic snow depth sensor at the same site as the manual
measurements.
2.3. Avalanche data
We used all avalanches observed along the Trans Canada Highway
with a qualitative size of medium and large. The qualitative size (small,
medium, large) is not a standard observation and was introduced by the
Avalanche Control Section at Rogers Pass and is therefore not comparable
to the relative size introduced by the American Avalanche Association
(Greene et al., 2010). It represents the size of an avalanche in relation to
the maximum avalanche that can occur in the particular path where the
avalanche was observed. A medium qualitative size avalanche at Rogers
Pass can be classiﬁed as an avalanche with a destructive size (CAA,
2014) of about 2 to 3 depending on the size of the avalanche path. An
avalanche classiﬁed as large might reach a destructive size of 3 to 4, also
depending on the size of the avalanche path.
This size selection leaves a total number of 27,330 avalanches
observed at 140 avalanche paths between 1965 and 2014 for the analysis.
About two thirds of these avalanches released naturally (N =
18,238) and one third was triggered by explosive (N = 9092).
For each of these avalanches skilled observers classiﬁed themoisture
content of the avalanche deposit in dry, moist, or wet deposits. For thislity (solid blue line) for September–November (left) December–February (middle) and for
ashed) are given; whereas a grey line indicates a non-signiﬁcant trend and a black line a
Fig. 3.Mean seasonal solid precipitation ratio (solid/total) at Rogers Pass and Mt Fidelity. Color-coding as well as trend lines as in Fig. 2.
121S. Bellaire et al. / Cold Regions Science and Technology 121 (2016) 118–125study we grouped moist and wet avalanches into one group (moist/
wet) since it is often difﬁcult to clearly distinguish between moist and
wet avalanche deposits.
2.4. Manual snow cover observations
Manual snow cover proﬁles recorded in a ﬂat experimental site at
Mt. Fidelity were used to assess whether or not early season rain crusts
formedmore often in recent years. Therefore,manual proﬁles recorded in
early December between 1959 and 2014 were searched for the presence
or absence of crusts. For this study we deﬁne a crust as a distinct layer
thinner than 10 cm consisting of ice ormelt-formswith a hardness great-
er than 1ﬁnger or a ram resistance of 400N andhigher (Fierz et al., 2009).
2.5. Statistical analysis
For this studywe used simple linear regression to estimate trends or
long-term changes ofmeteorological, snowand avalanche observations.
Trends were judged to be statistically signiﬁcant based on a signiﬁcance
level of 5% (ANOVA, F-Statistic, p-value b 0.05).
In addition, a breakpoint analysis, i.e. a segmented linear regression
(Bai and Perron, 2003), was used to determine signiﬁcant breaks or
changes in a time series. This method was used to determine whether
or not a signiﬁcant change in melt-freeze crust occurrence took place
during the investigated period. For our breakpoint analysis we assume
that the change in our data (crust occurrence; no/yes or 0/1) is not a
logistic transition but a step function. Therefore we perform a breakpoint
analysis with two segments, separated by a breakpoint, in which eachFig. 4.Mean 24-hour new snow amounts (HN24) per year and season at Rosegment has a signiﬁcantly different intercept. The breakpoint between
the segments was varied to ﬁnd the value that maximized the ﬁt to the
preceding and following segments.
Simple correlation (pairwise, complete) was used to analyze relations
between avalanche count (dry or moist/wet) and meteorological as well
as snow parameters. We deﬁne a rank correlation coefﬁcient (Kendall's
tau) of smaller 0.3 as weak correlation, larger than 0.3 and smaller than
0.7 as moderate correlation as well as correlation coefﬁcients of larger
0.7 as strong correlation.3. Results
In the following sections, we summarize the results of the statistical
analysis for the seasonal air temperature, precipitation, snow or snow
cover as well as avalanche characteristics. Statistical measures are
summarized for each parameter, research site and winter season in
Tables 1 to 3, respectively.3.1. Air temperature
Themean air temperature (winter season; Sep.–Nov., Dec.–Feb., and
Mar.–May) measured at Rogers Pass and Mt. Fidelity is shown in Fig. 2.
Signiﬁcant positive trends, i.e. increasing seasonal air temperature, were
found for the mid season between December and February at both
stations (Table 1). No signiﬁcant trends were found for the mean
seasonal air temperature at Rogers Pass, or Mt. Fidelity during the
early (Sep.–Nov.) and late (Mar.–May) winter seasons.gers Pass and Mt Fidelity. Color-coding as well as trend lines as in Fig. 2.
Fig. 5.Maximum 24-hour new snow amounts per year and season observed at Rogers Pass and Mt Fidelity. Color-coding as well as trend lines as in Fig. 2.
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3.2.1. Solid precipitation ratio—SPR
No signiﬁcant trends were found for the seasonal solid precipitation
ratio (SPR), i.e. the ratio between solid and total precipitation amounts,
at both stations Rogers Pass andMt. Fidelity based on a signiﬁcance level
of p b 0.05 for the time period between 1969 and 2014 (Fig. 3, Table 1).
Note that this time period is 4 years shorter than used for the other
parameters due to missing precipitation measurements at Mt. Fidelity
(1965–1968).3.2.2. New snow amounts—HN24
Highly signiﬁcant (p b 0.01) decreasing trends of the 24-hour mean
new snow amounts were found for all seasons at Rogers Pass and the
mid winter season at Mt. Fidelity (Fig. 4, Table 1). The analysis revealed
a signiﬁcant decreasing trend of the 24-hour maximum new snow
amounts at both study sites during mid-winter (p-values 0.03 and
0.05, respectively). No signiﬁcant trends were identiﬁed for the early
and later winter season (Fig. 5, Table 1).3.3. Snow cover
Signiﬁcant decreasing trends of the maximum snow depth were
found for themid and late season at Rogers Pass (Fig. 6, Table 1). Trends
at Mt. Fidelity as well as early winter trends at Rogers Pass were not
signiﬁcant. No signiﬁcant trends (Rogers Pass p = 0.28; Mt. Fidelity
p = 0.66) were found for the day-of-the-year when the study site at
Rogers Pass and Mt. Fidelity became snow free for the ﬁrst time, i.e.
snow height equals zero.Fig. 6.Maximum snow depth per year and season measured at Rogers PThe analysis of the manual snow proﬁles observed between 1959
and 2014 showed that early season rain crusts formed more often
during the last two decades (Fig. 7). A segmented linear regression
using one breakpoint showed a signiﬁcant breakpoint in 1994 (p b
0.001), i.e. signiﬁcant change in crust occurrence was found for the
winter season after 1994/1995.
3.4. Avalanches
3.4.1. Deposit moisture content
The frequency distribution of the deposit moisture content (dry or
moist/wet) for all natural avalanches observed at Rogers Pass per season
is shown in Fig. 8. No signiﬁcant trendswere found for natural avalanches
with dry deposit for all seasons. A negative signiﬁcant trend, i.e. less
moist/wet deposits, was found for the mid and late winter season
between December and May.
3.4.2. Avalanche start zones
Natural avalanches release per start zone– above tree-line (ATL) and
below tree-line (BTL) – was found to show signiﬁcant negative trends
for the mid winter season from December to February indicating a
general trend towards less avalanches during this period. All other trends
in both elevation bands were found to be not signiﬁcant (Figs. 8, 9;
Table 2).
3.4.3. Correlations—avalanches, snow, precipitation and temperature
Counts of dry andmoist/wet-snowavalancheswere correlatedwith the
mean air temperature, the solid precipitation ratio, mean and maximum
24-hour new snow amounts as well as the maximum snow height per
avalanche season and station. Correlation coefﬁcients are shown inass and Mt. Fidelity. Color-coding as well as trend lines as in Fig. 2.
Fig. 7. Crust occurrence (Yes or No) derived frommanual snow cover observations recorded
betweenmidNovember andmidDecember from1959 to 2014 in the near vicinity of theMt.
Fidelity study site. Dashed vertical line shows the location of the breakpoint (1994) derived
from a segmented linear regression.
123S. Bellaire et al. / Cold Regions Science and Technology 121 (2016) 118–125Table 3. Weak to moderate positive correlation was found for almost all
snow parameters, i.e. new snow amounts and snow height, for the early
and late winter season, but not for the mid winter season. No correlation
was found between avalanche counts, dry or moist/wet, for the mean air
temperature at both stations. A weak negative correlation was found for
the solid precipitations rate (SPR) suggesting a link between rain events,
i.e. decreasing SPR, and increasing wet snow avalanche activity.
4. Discussion
For Rogers Pass (1315 m) and Mt Fidelity (1905m) study sites, four
and three of the weather and snowpack parameters in Table 1 show
signiﬁcant trends for at least one avalanche season.When the avalanche
seasons are considered separately, seven of the 15 trends for Rogers
Pass and three of the 15 forMt Fidelity are signiﬁcant. Each of the signif-
icant trends is consistent with expectations for climate warming, i.e.
warmer temperatures and less snowfall overmonthly or longer periods.
Also, greater effects (or in this studymore trends that are signiﬁcant) at
lower elevations (Rogers Pass 1315 m) than at higher elevations (Mt.
Fidelity 1905 m) are consistent with climate change. Further the
increase in the number of early winter rain crusts shown in Fig. 7 is
consistent with climate change. Trends towards greater or more frequent
extremes are not apparent in Figs. 1 to 6, 8 or 9. However, the shortest
period displayed is three months, so extremes on the scale of days or
multi-day storms would not be apparent.
Analyzed trends, even when signiﬁcant, show low coefﬁcients of
determination (Tables 1, 2). This can partly be explained by the large in-
terannual variations of the data and use of a simple linear regression.Fig. 8. Frequency distribution of all natural avalanches of size medium and large with dry depos
tween 1966 and 2014 separated by season. Solid lines indicate corresponding trend lines, whe
(p b 0.05).However, applying more robust methods (e.g. Mann–Kendall Test, not
shown) exhibited similar results. Therefore, we believe that applying
an easily interpretable method such as a linear regression is justiﬁable.
Long-term time series ofmeteorological and avalanche observations
in mountainous terrain are rare in Canada. However, the Avalanche
Control Section (ACS) at Glacier National Park has been recording
these data systematically since the early 1960s leaving a data set of
about 27,000 avalanches with a relative size of medium and larger.
ACS does avalanche control work in the Rogers Pass area ensuring safe
public transportation. This control work, i.e. avalanche release by explo-
sive, might have biased our data set. However, a strong positive correla-
tion of 0.72 was found between counts of natural avalanches and
explosive controlled avalanches suggesting that explosive control in the
Rogers Pass area does not strongly reduce natural avalanche activity.
Hence, apparent trends are not likely to be highly biased, which is also
shown by the fact that almost two-thirds of all analyzed avalanches
were natural releases. In addition, Sinickas et al. (2015) foundno substan-
tial difference in natural avalanche activity between paths in British
Columbia outside of Glacier National Park thatwere frequently controlled
by explosives and paths with more than 75% natural avalanches.
During the early years of the avalanche program at Rogers Pass
meteorological data were manually observed routinely at least twice
daily and automatically during the last two decades. Homogenization
of long-term meteorological data is typically required prior to analysis.
However, homogenization for both stations was not possible since this
typically requires at least a few other stations with similar geographical
location or characteristics. Neither station has moved during the inves-
tigated time period and observational methods – except for new snow
amounts – were similarly applied to both stations, i.e. should show
the same trends. In addition, Venema et al. (2012) showed that absolute
homogenization methods could make the data even more inhomoge-
neous if the data shift or error is unknown. However, trend compari-
sons, although similar to trends found outside the Park (e.g. Sharma
and Déry, 2015) need to be interpreted cautiously.
Understanding and quantifying the effect of climate change on the
environmental system is one of the main aims of the climate science
community. However, linking climate change to avalanche activity
remains challenging. For example increasing air temperature might
stabilize the snow cover; on the other hand warmer air can hold more
moisture, which might result in larger precipitation amounts, and
therefore increase avalanche activity.
However, the latter might not be the case since our analysis showed
decreasing signiﬁcant trends for the mean 24-hour new snow amounts
at Rogers Pass station for all seasons and at Mt. Fidelity station during
the mid season. In addition, we found signiﬁcant decreasing trends of
themaximum24-hour new snow amounts for themid season at Rogers
Pass and Mt. Fidelity station suggesting less intense storms.
Consequently, reduced 24-hour new snow amounts result in
decreasing maximum snow depth. However, a signiﬁcant decrease wasit (blue bars) andmoist/wet deposit (orange bars) observed in the Rogers Pass region be-
reas grey lines indicate non-signiﬁcant (p N 0.05) trends and black lines signiﬁcant trends
Fig. 9. Frequency distribution of all natural avalanches of sizemediumand largewhich avalanched above tree-line (ATL; start zone N 2000m) or below tree-line (BTL; start zone b 2000m)
in the Rogers Pass region between 1966 and 2014 separated by season. Solid lines indicate corresponding trend lines, whereas grey lines indicate non-signiﬁcant (p N 0.05) trends and
black lines signiﬁcant trends (p b 0.05).
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changeswere found forMt. Fidelity station (1905ma.s.l.). No trendswere
found at both stations for the day-of-the-yearwhen the experimental site
became snow free for the ﬁrst time.
Marty and Blanchet (2011) found similar results for long-term time
series of snow depth and snowfall for 25 Swiss stations between 200m
and 2500 m. They found decreasing trends of extreme snow depth for
all elevations and a decrease in extreme snowfall for the low and high
elevation. Snowfall trends for the mid-elevation were not found to be
signiﬁcant. Their chosen category mid-elevation (between 800 m and
1500 m) corresponds to the elevation of Rogers Pass station, which
showed highly signiﬁcant results for selected snow parameters in our
study. This might show the effect of different geographical location
with regard to climate change. However, different statistical methods
were used, which makes comparing the studies difﬁcult.
In the Swiss Alps, Marty and Meister (2012) found a signiﬁcant
decreasing trend in the solid precipitation rate (SPR), i.e. the fraction
of solid to total precipitation. Based on a signiﬁcance level of 5% our
data suggests no signiﬁcant trends of the solid precipitation rate at
either station. However, we included mixed precipitation with
solid precipitation, which might partly explain our non signiﬁcant
trends.
During the last two decades, early season rain crusts occurred more
often in manually observed snow proﬁles at Mt. Fidelity. A segmented
linear regression showed a signiﬁcant breakpoint in 1994, i.e. a signiﬁ-
cant change in crust occurrence after the winter season of 1994/1995.
Nevertheless, the existence of the crusts suggests more rain events, i.e.
a decreasing SPR during the early season, although no signiﬁcant trends
in the solid precipitation rate were found.
Amoderate negative correlation ofmoist/wet avalanche countswith
the solid precipitation rate during the mid season (Table 3) might
suggest more avalanches triggered by rain events during this period.
Alternatively, this could be due to moist or wet snow being entrained
along the avalanche path in lower elevations.
Avalanche formation is clearly related to atmospheric conditions
including precipitation rate, duration, and type as well as wind, air
temperature, and radiation. All these driving agents for avalanche
formation changed in recent years as stated by the IPCC (IPCC, 2013).
Therefore, avalanche activity should also be affected by changing atmo-
spheric conditions in a changing global climate. However, avalanche
cycles are caused by short-term weather systems (days) rather than
long-term climate trends (decades). In addition, avalanche formation
is rather a combination of snow cover structure in combination with
preceding and current weather conditions. This is supported by corre-
lating avalanche counts with snow parameters (Table 3). Although the
correlations are not highly signiﬁcant, Table 3 suggests that an increase
in new snow amounts and consequently snow heights correlates with
increasing counts of avalanches or – simply spoken – more snowfall
results in more avalanches.Therefore, snow cover structure should be introduced into analysis
of long-term avalanche records especially when linked to climate
change scenarios as suggested by e.g. Haegeli and McClung (2007).
Nevertheless, in our large data set of observed natural avalancheswe
found signiﬁcant change in avalanche characteristics. A signiﬁcant
decreasing trend for natural avalanches with moist or wet deposits
was found for the mid and late avalanche season from December to
May. This seems counter-intuitive since one would expect more
moist/wet deposits or avalanches in a warming climate. However, as
stated above warming, i.e. settling or melting and refreezing, can also
stabilize the snow cover and hence, less natural avalanches might
release. Furthermore, our data set suggests less avalanches, i.e. decreasing
trends, during themid season from December to February for avalanches
releasing below and above tree-line, which is in alignment with increas-
ing air temperature and decreasing new snow amounts for the same
period. However, due to the intense explosive triggering during this
period in the area, the avalanche data set might be biased and the trends,
even when signiﬁcant, have to be interpreted carefully.5. Conclusions
We analyzed long-term meteorological and avalanche data from
two weather stations by season, i.e. early avalanche season (September
to November), mid season (December to February), and late season
from (March to May). Based on a signiﬁcance level of 5%, increasing
trends were found for the mean seasonal air temperature at both
stations during the mid-season consistent with global climate change.
No signiﬁcant trendswere found for the solid precipitation rate indicating
no trend towards more rain events. Decreasing trends of the maximum
snow depth were only found for the lower elevation station at Rogers
Pass for mid and late season. Consequently, we found signiﬁcant
decreasing trends for all seasons of the mean 24-hour new snow
amounts at the lower elevation and for the mid season at the higher
elevation station Mt. Fidelity. Furthermore, decreasing trends for the
maximum 24-hour new snow amounts were found for the mid season
at both stations.
Only seven of the 15 possibleweather or snowpack trends for Rogers
Pass and four of the 16 forMt. Fidelity (including a change in the number
or early season crusts) are signiﬁcant. Each of the signiﬁcant trends is
consistent with warmer temperatures and less snowfall. The limited
number of signiﬁcant trends suggests that further studies involving
longer time series –when they become available – andmore sophisticat-
ed analyses would be worthwhile. We found no graphical indications of
greater extremes or more frequent extremes in the weather, snowpack
or avalanche records from Glacier National Park. However, our analysis
is insensitive to changes at time scales shorter than three months. Due
to a potentially biased avalanche data set, the conclusions on the regional
change of avalanche activity remain inconclusive.
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